recent years. Yet it is not entirely clear to what extent these changes are caused naturally and to what extent they are influenced by human activities. The share of anthropogenic changes, particularly in terms of production of greenhouse gases (GHG) can be regulated, and it is this regulation that is one of the major priorities for future sustainability. The reduction of emission production is necessary in all major branches of human activities, including agriculture and the food industry.
Agricultural production accounts for up to 14% of total global anthropogenic GHG production (IPCC, 2007) , with different countries contributing to it according to their intensity of agricultural production. For example, the total share of GHG emissions within the EU-27 was estimated to be 10.1% in 2011 (Pendolovska et al, 2013) , with specific countries contributing to this as follows: Austria -9.5% (Anderl et al, 2011) , Denmark -15.8% (Nielsen et al, 2011) and the Czech Republic -6.3% (Fott and Vacha, 2011) . According to Cole et al (1997) , agriculture contributes about one-fifth (20%) of the annual increase in global emissions, whilst Cerri et al (2009) reported that it was nearer to a quarter (27%). According to EIPRO (2006) , nearly a third (29%) of emissions produced within the EU relate to food production. However, these emissions originate far beyond the primary food production system and include, for example, the production of fertilizers and agrochemicals, along with processing and transportation.
The potato is considered to be one of the most common food crops globally, ranked fourth after maize, rice and wheat (Staubli et al, 2008) . It is also an important crop in the Czech Republic, where potatoes are grown on about 1.17% (35,000 hectares) of arable land (Z v iz v ka, 2011). In recent years, there has been a noticeable shift in the GHG emissions from potato production and processing proportion of potatoes that are now consumed fresh as opposed to being processed. According to Garnett (2006) , nearly three-quarters (70%) of potato consumption in the UK in 1988 was fresh (unprocessed); however, this proportion is now nearer to half (50%). Potatoes in the Czech Republic are among the most common vegetables used in restaurants, cafeterias and canteens, with the emission load generated in the production of food containing potatoes varying according to the type of potato product used (whether fresh or processed).
Differences in the amount of emissions produced are already evident in agriculture, depending on the method of cultivation used in particular farming systems. Generally, organic farming is reported to be more environmentally friendly (Bavec et al, 2009) , and this also applies to the production of GHG emissions. For potatoes grown under an organic farming system, the GHG emissions can be 31% lower than in conventional farming (Fritsche and Eberle, 2007) , or according to Lackner (2008) , up to 69% lower, depending on the intensity of the conventional farming system. In terms of GHG emissions, potatoes can generate high yields per hectare, such that the resultant emissions per kilogram of product can be relatively low (Sonesson et al, 2009) . The decision to use organic farming methods and less emission-intensive forms of processing potatoes could therefore help reduce the anthropogenic contribution to GHG production whilst also preserving potatoes in the national diet. ). The results of this study have relevance to several end-users, the primary group being consumers and management staff of catering establishments (canteens and cafeterias) where meal selection can have a direct impact on the environment. In addition, the research is relevant to farmers and the potato processing and marketing sector, since they may choose alternative, more environmentally sustainable methods of production and/or transport due to the ability to identify 'hot spots' (locations where there is a markedly higher release of emissions into the environment).
Materials and methods
In order to do this, the first step consisted of creating a life-cycle chart for the product. This defines the production system boundary within which all the processes, flows of material and energy, plus distribution of emissions as they relate to the above cycle of the product, are included. The system boundaries for potato products are shown in Figure 1 . The flow includes the cultivation of raw materials including agricultural inputs such as fertilizers and/or pesticides, as well as the production of consumable materials (for example, diesel fuel, electricity). Water consumption was not considered because there are no irrigated systems used in potato production in the Czech Republic. All transport (to the processing plant and customer), processing and warehousing were also included. The costs of infrastructure (buildings, machinery) were not included in the calculation. The model used was the 'cradle-to-gate' type, ending with the delivery of the product to the food preparation facility, and did not therefore include the cost of food preparation and/or any associated waste disposal. It was also necessary to determine the system function and agree on an appropriate unit of measurement, which was quantified by the system output. The chosen product was its final form; therefore 1 kg of product delivered to the food preparation area was chosen as the appropriate unit.
The quality of the data used needs to be considered at the start of the study. The sources, as well as the temporal, geographical and technical considerations, need to be taken into account. In this study two data sources were used: primary (direct information from farmers, processing businesses and salespeople; and secondary (obtained from the Ecoinvent database, specialized literature and assessment by experts). Primary data were collected between 2009 and 2011 and secondary data from 2000 to 2011. If secondary data from the Czech Republic were unavailable, data from a wider area of Central Europe were used. Processes that utilized commonly used technology in the Czech Republic were assumed. The last step of the primary phase of the LCA analysis is the definition of allocation rules. This study did not use any allocation.
Life-cycle inventory
The second step dealt with the identification of all energy, substance and material inputs, outputs and flows in our system. All these are shown in Figure 1 . The system consisted of separate substeps, which were divided into two groups: the first group involved processes, which were not defined by the authors, but were taken from databases (production of fertilizers, pesticides, seedlings, energy, agro-technical operations, transport), and the second group of processes was defined by the authors. These processes were agriculture, processing and trade. The input and output data for the process 'agriculture' were represented by the quantities obtained for one hectare of cultivated potatoes. The conversion of data to the appropriate functional unit was dealt with by the software when tabulating the final results. Agricultural inputs included: the number and type of farming operations, quantity of fertilizer, pesticides and seeds used. The output is represented by quantity of crop per hectare (t/ha). The process also involved emission of N 2 O from cultivated soil and was calculated according to the IPCC methodology (De Klein et al, 2006) . Data obtained for the conventional cultivation assessment are shown in Table 1 . Processing was defined as the energy consumption per kg of processed product. This process was defined only when either peeled, mashed and/or chipped potatoes were the end product. Raw potatoes, after cultivation and harvest, do not undergo any further processing. For the final calculation, the following data were assumed: 1 kg of mashed potatoes requires 6.6 kg of raw potatoes and 1 kg of potato chips requires 3.3 kg of raw potatoes.
The 'trade' process was divided into a subprocess of storing (defined in the same way as processing) and transport. The storing process is utilized for fresh potatoes and potato chips. The storing of mashed potatoes does not involve any direct consumption of energy. When calculating the results, the following assumptions were made: potatoes for fresh consumption are stored for six months; potato chips are stored for two weeks. Production and warehousing energy usage is considered to be sensitive industrial information and therefore these input data cannot be made public.
The process included calculating average emission factors for transport (emissions released by burning fuels) of vehicles of different weight categories with an average load, fuel consumption and distance travelled. To facilitate computation of the data it was necessary to obtain the weight of the goods transported and transportation distances between all the members of the production sequence.
Life-cycle impact assessment
In the third phase of the analysis, the environmental impact was assessed and evaluated using SIMA Pro software. Greenhouse gas emission load was quantified using the ReCiPE Midpoint (H) method, which is currently considered to be the most advanced method used within LCA for agriculture. Given the focus of the study, only the impact category 'climate change' was evaluated. The last phase, 'Interpretation of results', is described below.
Results and discussion
Production of potatoes, in terms of emissions, differs depending on habitat conditions, agronomical processes and agricultural system used. Environmentally friendly farming systems, which utilize measures against erosion and advanced methods of nitrogen management and irrigation, have the potential to sequestrate carbon and reduce GHG (Paustian et al, 1997; Follett, 2001; West and Marland, 2002; Lal et al, 2003; Lal, 2004 ). Other differences arise in subsequent parts of the process, and it is here where significant differences and an increase in CO 2 emissions can appear, which can negate the positive environmental value of organic potato cultivation.
Cultivation of potatoes
When comparing the emissions arising from the agricultural production of potatoes (Figure 2 ), 1 kg of conventionally cultivated potatoes is estimated to produce a total of 0.145 kg CO 2 e (comprising field emissions -0.053 kg CO 2 e (36%), fertilizers -0.037 kg CO 2 e (26%), agrotechnical operations -0.028 kg CO 2 e (19%), seed -0.024 kg CO 2 e (17%) and pesticides -0.003 kg CO 2 e (2%)). In contrast, 1 kg of organic potatoes was estimated to produce 0.126 kg CO 2 e (comprising seed -0.037 kg CO 2 e (30%), agrotechnical operations-0.037 kg CO 2 e (30%), field emissions -0.037 kg CO 2 e (30%) and fertilizers -0.014 kg CO 2 e (10%)). This corresponds to data from Holmes et al (2010) , which reported the production of 0.1-0.3 kg CO 2 e per kg of potatoes, depending on the farming system used. Figure 3 shows the total emissions from various final potato products (fresh potatoes, chips, peeled potatoes and mashed potatoes under both conventional and organic production methods). While differences between the production systems are small, the difference in kg CO 2 e between processed and fresh potatoes is considerable. Conventional potatoes produce 0.187 kg CO 2 e (comprising agriculture -0.145 kg CO 2 e (77%) and trade -0.042 kg CO 2 e (23%)) and organic 0.193 kg CO 2 e (comprising agriculture -0.126 kg CO 2 e (65%) and trade -0.068 kg CO 2 e (35%)). Higher emissions in the storage and transportation of both fresh and processed potato products are caused by the need for long-distance transport. For example, transport emissions when the transport distance is over 50 km contribute to a 23% share in the total emission load for conventionally produced fresh potatoes. When the transport distance is over 100 km, the contribution to emissions is estimated to be around 57%. The total emission load with peeled potatoes is slightly higher compared with raw potato production due to the peeling process. However, compared with other potato products that need further processing (fries, mashed potatoes), this load is still very low. One kilogram of peeled potatoes is responsible for up to 0.262 kg of CO 2 e production (agriculture -0.174 kg CO 2 e (66%), processing -0.027 kg CO 2 e (10%) and trade -0.061 kg CO 2 e (23%), whilst peeled organic potatoes produce 0.247 kg CO 2 e (agriculture -0.151 kg CO 2 e (61%), processing -0.027 kg CO 2 e (11%) and trade -0.069 kg CO 2 e (28%)).
Processing potatoes
While emissions do occur in the animal post-farm production phase, in post-harvest crop production of potatoes, the emissions are much greater (Sonesson et al, 2009 ). This can be seen in Figure 3 , which shows the total emissions from production of mashed potatoes and chips. One kilogram of mashed potatoes in conventional production produces a load of 3.201 kg CO 2 e (agriculture -0.955 kg CO 2 e (35%), processing -1.947 kg CO 2 e (64%) and trade -0.299 kg CO 2 e (9%)); for organic production it is estimated to be 3.192 kg CO 2 e (agriculture -0.829 kg CO 2 e (26%), processing -1.947 kg CO 2 e (61%) and trade -0.415 kg CO 2 e (13%)). A smaller load is produced in the production of chips: conventional chips produce 2.072 kg CO 2 e (agriculture -0.506 kg CO 2 e (24%), processing -1.280 kg CO 2 e (62%) and trade -0.286 kg CO 2 e (14%)) compared with organic chips, which produce 2.271 kg CO 2 e (agriculture -0.440 kg CO 2 e (19%), processing -1.280 kg CO 2 e (56%) and trade -0.552 kg CO 2 e (24%)).
Summary
Greenhouse gas emissions can be reduced by choosing an appropriate farming system (Dorninger and Freyer, 2008) . As a part of our work, we found a reduction of circa 13% in emission load with potatoes grown under an organic farming system compared with a conventional system. In comparison with our values of 0.145 kg CO 2 e per kg of organic potatoes, the comparative study by Lackner (2008) GHG emissions from potato production and processing excluded). All the studies confirm a smaller load of greenhouse gases from organic farming. The topic of processed potatoes has been dealt with by Wallen et al (2004) , who found that mashed potatoes had an emission load of 1.12 kg CO 2 e, while the emission load of chips was 2.37 kg CO 2 e. On the contrary, our values show 3.201 kg CO 2 e per kg of mashed potatoes and 2.072 kg CO 2 e per kg of chips. Large differences can be due to various accounting methods for different system boundaries, as well as the different production technologies considered in each study. It is also known from the Ecoinvent database that the emission load of electricity produced from various sources (renewable, coal, nuclear) can vary by up to 100%. Our results show that cultivating organically farmed potatoes produces a smaller amount of GHG than conventional farming. However, we found far more significant differences in the usage of processed/unprocessed potatoes than between farming systems. A higher emission load from the processing of potatoes points to the need to reduce or reverse the current trend, in which fewer and fewer potatoes are consumed fresh and more are processed and consumed in processed products. Addressing this, in combination with supporting organic farming, could help reduce GHG emissions while maintaining the current proportion of potatoes in our national diet. 
